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ABSTRACT 

A corrosive resistant system is desiqned for studying the 
uv-preionized lasers, including rare-qas halide lasers. 

To permit the utilization of ordinary gauges irrespective 
of the corrosiveness of the gases in the chamber, an isolating 
device is designed as an interface between the chamber and the 
gauges. 

A novel simple microwave diagnostic technique is established, 
its validity is demonstrated, and it is applied to photo-electron 
density measurements. 

Finally, a numerical method is found for analyzing the data 
obtained from photo-electron density measurements. The effect of 
photoionization, diffusion, attachment, and recombination occurring 
simultaneously, and the relative importance of each in the laser 
applications are investigated; the initial diffusion of the 


electrons plays an important role in some laser applications. 
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AP: pressure differential (oe ake) 

Go radial distance in a cylindrical chamber 
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a axial direction in a cylindrical chamber 

A the distance between a uv source irradiating the gas 
in a chamber and the axis of the transmitting and 
receiving antennas for microwave diagnostic purposes 


Abbreviations: 


e-beam: electron beam 
Ren: low frequency 
ea eyes radio frequency 
uv: ultra violet 
x-tal: crystal 
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CHAPTER ONE 
Introduction 

The parameters associated with C0, lasers pumped by uv- 
preionized discharges are thoroughly investigated by McKen, Seguin, 
and Tulip [1]. McKen [2] has given an interesting and thorough 
history of the development of uv-preionized lasers. 

In the first co. laser [2] the excitation was longitudinal to 
the laser axis and required an electric field to pressure ratio of 
above breakdown for effective pumping. CO, laser pulses of 5 J to 
200 KW were obtained from a device eight feet long by three inches 
in diameter. 

"Beaulieu, using a row of closely spaced resistors for a cathode 
and a flat or cylindrical anode, was able to transversely excite an 
atmospheric pressure mixture of CO,, Nos and He. The acronym TEA 
was used to describe this kind of laser. He was able to obtain 
pulses of 150 mJ at peak powers of 0.5 MW from a device employing 150 
cathode resistors (1000 ohms each). The device was 1.25 m long and 
the cathode anode spacing was 2.5 cm. It was repeatedly excited by 
a discharge from a 0.02 }F capacitor charged to 25 KV. The gas 
mixture was in the ratio CO, :N, :He wo1.231clO. Inis was a-siqnit.— 
cant step in the development of high power lasers... . 

'In order to obtain a more uniform excited density distribution, 
Beaulieu attempted to initiate a distributed discharge between two 
long parallel electrodes. An increase in the gas pressure above 


20 Torr forced the discharge into an arc. 
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'A distributed discharge can be obtained with extended 
electrodes even at atmospheric pressure provided that the discharge 
time is shorter than the arc formation time...' However, at the 
experimental conditions of interest the discharge time becomes too 
Tong and arcs have time to form. 'Itn addition a fast discharge 
time does not correspond to the most efficient pumping rate of CO, 
lasers. ..); 

‘An alternative solution to the problem is to prevent the 
current density from Cero large enough value to initiate an 
arc; 

‘One such device employing this technique is the so called 
"double discharge device'' or p>, This system makes use of a mesh or 
grid cathode with a third electrode placed close to it on the side 
opposite to the anode. A fast low energy discharge is triqgered 
between the cathode and the third electrode producing a cloud of 
electrons around the cathode. These electrons facilitate the main 
discharge to the anode by effectively increasing the discharge area 
and thereby reducing the current density enough to prevent the 
formation of a constricted arc. Laflamme obtained 9 J per pulse 
with a peak of 12 MW from a 3.8 m long laser. The output eneray 


density was .5..5-J/)..502 


' a discharge could be stablized if the volume electron- 
ion production mechanism in the plasma was made independent of the 
applied electric field through the use of an external ionization 


source such as high energy e-beam injection or photoionization... . 
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Following this argument the electrodes were shaped to Rogowski 
or Bruce profiles and preionization was established by an additional 
discharge to a trigger electrode in the form of one or more wires 
parallel to, but laterally displaced from the discharge axis. This 
resulted in input energies greater than 4005/1 [2]. ",.. Pearson 
and Lamberton used this technique and subsequently showed that it 
was superior to the previously employed p3 technique. They sug- 
gested that the discharge from the wire to the anode provided uv 
light...'' that resulted in uv photoionization. UV-preionized dis- 
charge lasers with more powerful uv sources were established [2]. 

The advantage of uv preionization over e-beam controlled dis- 
charge pumping is that ''the uv source can operate within the laser 
gas environment, so there is no need for high vacuum construction. 
UV contro! does not require a thin delicate foil window and so 
scaling to pressures of many atmospheres should be much easier. 
High voltage sources needed to accelerate electrons in electron 
guns are not required for uv control. UV sources can be readily 
constructed in large arrays giving rise to uniform illumination 
over a large aperture while it is relatively difficult and ex- 
pensive to construct large area electron guns.'' 

McKen [2] has argued that a one-step fonization of the gases 
used ina co. laser, due to uv radiation is unlikely and a two- 
or multiple-step ionization must be the mechanism. 

“However, it is quite feasible that an impurity in the laser 


with a low ionization potential is the agent responsible for volume 
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photoionization... ."' 


Babcock et al. [3] have also concluded that only the impurities 
are ionized due to uv radiation in CO, lasers. Therefore, in order 
to increase the ionization level, it is advisable to seed the laser 
gas with a small amount of some type of low ionization potential 
substance which is transparent at the laser wavelength, and has a 
small cross section for collisional depopulation of the upper laser 
level [2]. Following this argument, McKen et al. [1] have given 
a detailed collection of data providing the photoionization of many 
laser mixes seeded with appropriate seedants. 

Burnham et al. [4] applied the uv-preionized discharge tech- 
nique to rare-gas halide lasers (an introduction to rare-gas halide 
lasers is given below). Rothe and Gibson [5] did a parametric study 
of this type of lasers; they also studied the effects of easily 
ionizable seedants:"’... triethylamine and xylene showed no increase 
in efficiency that could be attributed to these seed gases. However, 
traces of xylene permitted the discharge delay to be increased from 
2s to 25 KS with no drop-off in pulse energy. Evidently, the 
presence of xylene caused a significantly higher level of preion- 
ization, so that it took longer for the ion concentration to fall 
below acceptable tevels by jon recombination." 

Hsia [6] proposed a model to explain the delay of the main 
discharge with respect to the uv preionizer in rare-gas halide 
lasers for optimum operation; "in the model the F ions formed by 


dissociative attachment following uv photoionization, act as a 
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reservoir from which electrons are easily released, when the main 
discharge field is applied." 

It is the objective of the present work to re-examine the 
models proposed for uv photoionization and investigate some of its 
other aspects, seemingly less emphasized in previous works. These 
aspects include the effect of diffusion, attachment, and recombina- 
tion acting simultaneously; the work also examines the possibility 
of interpreting the data obtained by various diagnostic techniques 
to determine the relative importance of each. 

Morever, with the development of rare-qas halide lasers the 
experimental setup need be corrosive resistant in order to handle 
corrosive gases such as flourine; the design considerations of such 
a system are investigated. 

Rare-gas halide lasers 

The possibility of making lasers by rare gases and halides was 
first investigated by Velazco and Setser [7]. Soon after, many such 
lasers - also called excimer lasers - were made. Much research is 
being carried out in developing these ultraviolet lasers on account 
of their high power, high efficiency, and the possibility of tuning 
them in many wavelength ranges. Moreover, their emission is in the 
blue and ultraviolet, which is of importance for many applications 
such as isotope separation and photochemistry. 

Different pumping techniques such as e-beam, e-beam controlled 
discharges, and uv-preionized discharges, have been used. 

Burnham and Djeu [4] used the uv-preionized discharge technique 


to excite XeF, krF, and ArF lasers. They obtained laser pulse 
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energies exceeding 100 mJ with peak powers of several megawatts. 
"The discharge in this device had an active length of 60 em with 
a cross-sectional area of 2 x 0.5 cm. The chamber was made of 
lucite, had a volume of about 5 liters, and was equipped with 
fused silica Brewster's angle windows..... Preionization of the 
laser medium was obtained from a spark-board photoionization source 
located at the side of the laser chamber at a distance of approxi- 
mately 4 cm from the laser axis. Separate triggering of the pre- 
ionization source and the main discharge allowed the discharge to 
be fired after the preionization source with a time delay.... 

"Stimulated emission in XeF was observed on several lines in 
the principal emission bands at 351] A as well as on the three lines 
of the triplet feature at 3488 A. Maximum pulse energies of 65 mJ 
were obtained from gas mixtures containing 0.3% NF. and 1% Xe at 
1500 Torr. 

‘Laser pulses with maximum energies of 130 mJ were obtained in 
KrF. The laser emission had a bandwidth of approximately 3 A are 
A gas mixture containing 0.32% F and 15% Kr in He at 1500 Torr' was 
used,! 

Brau and Ewing [12] have chown some of the features of XeF 
lasers in terms of approximate potential-energy curves (Fig 1-1). 

'The lowest state is covalent in nature and is slightly bound 
while the ott, pistates are repulsive. | 
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'Transitions from higher-lying excited states can be either 
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Fig 1-1 


Intermolecular Distance 


Potential energy curves for XeF. 


‘The three higher-lying excited states are predominantly ionic. 
This ion pair is analogous to an alkali-halide. 

‘The possibility of laser action on these species is apparently 
enhanced by a large reaction cross section for producing excited 
species by chemical reactions of the type 

Xe +F,— XeF™ ig 

‘This chemical reaction which starts on an excited potential- 
energy surface has a high probability of staying on an excited po- 
tential surface, producing the electronically excited species with 
a large rate constant.' 

Moreover, Brau and Ewing [8] studied the spontaneous emission 
spectrum of XeF as a function of pressure and have found that, at 
pressures above one-half atm the 22% states remain in vibrational 
equilibrium. 

'The laser transition 2° rl Zyoriginates from the lowest 
vibrational level of the excited state. Since the equilibrium bond 
length of the excited state (Ri in Fig 1-1) is laraer than that of 
the ground state, Ro, it is believed that laser transition ter- 
minates on a high vibrational level of the lower state. The 
2° Ey ~I'T1, atransition is considerably broader since these tran- 
sitions are bound to free.' 

Bhaumik et al. [9] obtained the spectrum of KrF from a mixture 


of 2 Torr NF. and 3.4 atm Ar containing 10% Kr. They reasoned that 


3 


the absence of any sharp structure in KrF emission spectrum indicates 


that the transition is of bound to free type. 
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'The narrow bandwidth (40 A) of the emission band is under- 
standable in terms of the transition terminating in a relatively 
flat portion of the repulsive potential curve. Due to a large 
degree of vibrational relaxation at high pressures emission is 
expected primarily from the lowest vibrational level of the upper 
State. ' 

Brau and Ewing [8] generalized their results to other yenon 
halides, but Dunning and Hay [10] have arqued that, except possibly 
for XeF, the lower state of rare-gas halides is unbound. 

They have calculated the energy levels and distinguish between 
three possible states (Fig 1-2): 

(i) valence limit recdtarns from the interaction between 

es) + AG which is repulsive, 

(ii) ionic limit, ionic bond between Kean} + ee (ate and 

(iii) Rydberq limit, resulting from the interaction between 

kr (3p) + F(?p). 

Their calculations support the previous semiemperical results, 
but also indicate that the case of KrF is more complicated. 

The effect of spin-orbit interaction is taken into account in 
these calculations; for this reason, the states are named X, A, B, 
C, and D. The states D and C are superpositions of Do oand 2 Tt 
states; neglecting spin-orbit interaction, these two states are 
nearly degenerate - in contrast to Fig 1-2. Bs, state is, however, 


composed only of a state. 
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Fig 1-2 Calculated potential energy curves for KrF. 


CHAPTER TWO 
Experimental Setup 

An experimental setup is designed to simulate, and to provide 
a means to study, the uv preionization. It is desirable to have a 
setup capable of maintaining gas mixtures of the required pressures. 
The gas mixture can then be irradiated by a uv source; the gas 
mixture is jonized and a transient plasma is produced. A suitable 
plasma diagnostic device is needed to measure the electron density 
fluctuations in the plasma. An experimental setup consisting of 
three main sections is designed to meet these requirements (Fig 2-1): 

vacuum system: to contain and maintain the desired pressure 

of the gas mixture needed, 
uv source: to produce uv radiation needed for photoionizing 
the gas mixture, 
plasma diagnostic device: to measure fluctuations of etectron 
density generated by the uv source. 

These sections are explained in more detail below. 
Vacuum system 

The vacuum system is shown in Fig 2-2. It is designed for 
handling corrosive gases, such as flourine P14 

The chamber is made of a lucite pipe with a wal! thickness of 
0.75 cm, an internal diameter of 14 cm and 12.7 cm long, closed by a 
lucite disk and an aluminum disk in which proper threaded holes are 
devised for the gas inlet, outlet, and gauge connections. There is 
also a window at the center for the spark plug, necessary to photo- 


ionize the gas in the chamber. The three pieces are held tightly 
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The experimental setup. 
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together by six nylon screws 1.25 cm in diameter. Teflon tape and 
O-rings are used on account of their corrosive resistance. 

The valves which are directly in contact with corrosive gases 
are stainless steel. The lines and fillings are connected to each 
other, either by swedgélockor silver soldering [11]. 

A soda lime trap - a cylinder, 10 cm in diameter, and 10 em 
long - is designed to absorb trace amounts of flourine and protect 
the rotary pump [11]. 

A flexible connexion, fixed at one end to a heavy stand, is 
used at the input of the rotary pump to isolate the system from the 
vibrations of the pump; this is particularly necessary otherwise 
excessive vibration of the pipes would make them vulnerable to 
flourine attacks [11]. 

In order to use the standard noncorrosion resistant gauges 
already available, a null detector was designed to isolate the 
chaaber from the gauges and at the same time indicate whether the 
pressure shown by the gauge, Po is the same as the pressure in the 
chamber, Bos The null detector is discussed in more detail below. 
Null detector [12] 

The null detector is a specialized differential-pressure 
capacitance manometer; its capacitance changes with BraP oes It 
consists of two parts; the pressure null detector and the capacitance 
null detector. 

The pressure null detector consists of two aluminum disks 


15 cm in diameter, having many pinholes at the center and an aluminum 
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foil sandwiched between two thin F.E.P. layers (Fig 2-3). F.E.P. 
is a dupont flourinated ethylene propenol having the chemical 
resistance of teflon and mechanical properties similar to mylar. 

As AP changes, the inner layers move from the central position 
inside the space devised between the disks;the space is designed 
so that the teflon layers remain within their elastic limits. 

The two aluminum disks are bolted together, by eight metalic 
screws, for vacuum tightness. They are hence also electrically 
connected, and form one side of the capacitor, the other side 
being, of course, the aluminum foil. 

For symmetry reasons the lowest capacitance, C., of the device 
corresponds to the position in which the layers are centrally 
located, and therefore to the state AP=0, regardless of the operating 
pressure .. 

However, as the operating pressure, P., decreases the air 
trapped in between the teflon layers will exhibit a pressure com- 
parable to P., and the position of the aluminum foil will be loosely 
defined. This would result in a hysteresis effect in Co vs. Po. 

To omit this effect, a few small holes were devised in the F.E.P. 


layer on the gauge side. Fig 2-4 shows Co plotted vs. Po. 
3 


The device is sensitive to a AP in the order of 10 7 Torr. 
It is also possible to calibrate the device for AP#0. Fig 2-5 shows 
the change in the capacitance,C, with AP. 


The measurements of Figs 2-4 and 5 were carried out by a 


common universal bridge, and a standard differential pressure mano- 


meter . 
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The capacitance null detector was desiqned to indicate when 
AP=0. The block diagram is shown in Fig 2-6. 

The pressure null detector is connected to one arm of a 
capacitance bridge (fig 2-6). A 5 KHz Wien-bridge oscillator 
Paeds the bridge, and if the bridge is balanced, then the bridge 
Output voltage, Vo, will be zero and the two LED's will be off, 


otherwise they are on. 


As C changes, due to pressure changes, V. will be nonzero and 
will be amplified by the logarithmic-gain amplifier. The buffer, 
having a high input impedance, prevents the bridge from being 
loaded. The logarithmic-gain amplifier has a much higher gain for 
low voltage levels, so that when the bridge is close to being 
balanced the precision will increase. 

The narrow-band bandpass filter, tuned for 5 KHz, reduces the 
noise and amplifies only those siqnals which have afrequency of 
5 KHz. 

The logic circuit compares the output of the filter to two 
certain levels one higher than the other; if the voltage is under 
the “higher'' level, LED! will turn off; if it is under the ''lower"! 
level, LED2 will turn off. Thus, LED! indicates rough bridge 
adjustments, corresponding to 102 Torr, while LED2 indicates 
very precise bridge adjustments, corresponding to 10> to 10° Torr. 

In normal use, both sides - the chamber and the gauge - are 
pumped down. Air is then leaked into the gauge side up to the 
desired pressure. Finally the corrosive gas is filled into the 


chamber until the LED indicators turn off. 
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UV source 

- The uv source in these experiments is fully described by 
McKen [2]. The design, however, is to some extent modified 
tat n= 7) 

The high voltage power supply causes the pressurized spark gap 
to break down at a voltage dependent on the interelectrode distance 
and the pressure of No» thus causing a short circuit at one terminal 
of C, and a damped oscillatory current to flow in the spark plug, 
generating uv radiation. tn hie design, the ballast resistor is 
encorporated in the same oil filled lucite box as contains the 
pressurized spark gap and the capacitors. The capacitance is 
reduced to 0.05 BF, thus increasing the ringing frequency to 
1.43 MHz. 

Moreover, in the previous work [2], the pressurized spark gap 
was triggered by a third terminal; in this design the third elec- 
trode ae the corresponding circuitry is omitted because it gen- 
erated a lot of noise, both at low frequencies and at radio frequ- 
encies. The breakdown in the pressurized spark gap is repetitive 
and adjustable by the interelectrode distance and the pressure of 
No: This omission reduced the noise by a factor of 10°. 

Plasma diagnostic device 

Two different diagnostic methods were used. The well known 
microwave interferometer, and a new microwave attenuation method. 

The microwave interferometer, as discussed by McKen [2] and 


Sequin et al. [13], is slightly modified and is shown in Fig 2-8. 
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Fig 2-7 The uv source. 


22 


$ | ; veh: et! a3 Waele rity 


|. aGaR, AGS ional | | ape Pld 4 


| : pital, Ai eMROT iia ea 
weer eT scr ime rm 
be. ivy mT Wa, a F 
i ; ; J m | 7 7 tus . 
oy a sary 4 


i 


= 


pn " | : iad 


ae sf 
a 


991 noe Wu . 


The output of the klystron KO] is split into two parts by the 10 dB 
directional coupler. One part traverses the chamber via the horn 
antennas (test arm) and undergoes a phase shift and an attenuation 
depending on the ionization level of the gas in the chamber; the 
other part is passed through a variable phase shifter and a variable 
attenuator (reference arm). 

The output from the reference arm is subtracted from that of 
the test arm by the magic T. Initially, the chamber is evacuated 
and the bridge is balanced (i.e. the output of the magic T is made 
to be zero) by adjusting the variable phase shifter and the vari- 
able attenuators. As the chamber is filled with the desired gas(es) 
and is irradiated by the uv source, there will be a deviation in the 
phase and the attenuation in the output of the test arm, and 
the output of the magic T will be nonzero. 

In order to increase the sensitivity of the interferometer, the 
output of the magic T is first mixed in the r.f. mixer with a 
frequency which is 200 MHz different from the output of KOI and 
which is generated by K02. The 200 MHz output of the r.f. mixer 
is once more detected by the i.f. mixer to produce a 20 MHz signal 
and is amplified. The output of the i.f. mixer is applied to an 
oscilloscope. This setup is highly sensitive and can detect phase 
shifts in the order of 10°? degree. 

The klystrons are oil eooled to prevent frequency shifts due 
to heating. The isolators are inserted to prevent reflections 


disturbing the klystrons, and also to suppress unwanted multiple 
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reflections. 

The frequency of the klystrons are adjusted by the frequency - 
meters together with the 20 dR directional couplers and the x-tal 
detectors. 

In the microwave attenuation method (Fig 2-9) the output of 
the klystron traverses the chamber via the horn antennas and is | 
detected by the x-tal detector. The isolators are inserted to 
prevent unwanted reflections, 

The output of the x-tal detector is applied to the oscillo- 
scope, which is triggerred by the current in the spark plug, via 
the current transformer of Fig 2-7. 

As soon as the spark source irradiates the gas mixture in the 
chamber, the gas mixture will be ionized; the electrons thus pro- 
duced, attenuate and change the phase of the microwave radiation. 
The attenuation is detected by the x-tal detector. 

Attenuation of an electromagnetic wave in a plasma may be due 
to the electron collision frequency [14]. In the next chapter, 
however, we shall prove that the attenuation measured in certain 
setups can be due merely to the electron density. 

The electron density fluctuations are thus displayed on the 


oscilloscope and can be photographed. 


25 


; cn ag i 7 
me Ma 
it ne 2 
™ Un 4 
ca 
sa ; A - om we ca 
i Pig Pal Ary 
ayonsupan? 4Ag). Va Wedentie af Al et ai 46 eeinasinese - = 


a 


. lear se oft tore eAsiques eno} Joan: poe Be? aie Tale Rod I 


4 
z es 


} 


ri. Seedy Sey td, LE et Fy , Mo? * gates 26 aieiliahdts, nd nati, i 
2 
‘OE Han Saraki over! ari perth aite G4} eds taeon 7 anyfawte at 
ne borroet? oe Bd OTs me sarcotah ‘dirx ant we 7 
\ 1 
nqel fay tes. be pater’ 
di fisen bal Tena e?: yoToegph tas ~> ont Fumpun at 


E * i y Ld le, ee Adil ‘$n Tel i ae is en] a yoy" free y! id »! estiw: 


GTi tS ven gira ras nai 


ae Hi 

Fel We PSN 7 ed ea + os re AeA S44. 1, Fee eh! ray 

M3 i: b ‘ j a 

; a ae . awe ra 
uNguahoniaate any ‘phd neel ond La, Ste 2hg ARs) ORR 


iy 
ALD | 


ro ge te samen tia hat = Hid ern ays aneer ty tet ie aa i 
itt Apt ge “tate ed Sydow tel ai “oh fines 


sue ia we pmbeey: an Le si sl igrhseers anh 1a te cok ounggth 
aged stenbeds Win ae idiitalid Ne patagete wat 
nares ni robe a pasaanna TAS. mar vena aver the we) 0 a 


» WA Re paced 0? yidvew out a ‘tom, 4 “ol 
oh avait x ey shel snout’ dt way conta me A 


BIIABP Ii}soubeip uoijenuajjye amoisaiw ayy G-z 614 


edorsojj!4so 
84} 10}28}9q euuajuy 


Ai Je}-X 


euuajuy pueq_y 
ui0H 


ui0H :403e] (1980 uorysdyy 


Bp 
Joyejosy| 


eiaeease ceed 


10,e,OS| 


saqueyy 


26 


Ty 


rik 


a 


» . Diver De oh)’ ar 

+e Ml ad a ae 

Ne ed’, 4 \ 2% | l i 

Ai Ae: eae 
be Se za 


| eee iteeste. ae 2 — 7 


pres FE aes . 


‘peeperay 


CHAPTER THREE 
The Microwave Attenuation Diagnostic Technique 
The analysis of the photo-plasmas under experiment is rather 
easy. It is assumed that [2] 
electrons interact with each other only through collective 
spacecharge forces; 
the heavier neutrals and ions are at rest; 
collisions of the electrons with the heavy neutrals and ions 
are negligible; 
the plasma is ''cold'' and relativistic effects can be iqnored; 
the plasma density fluctuations are slow compared to the 
frequency of the TEM wave traversing the plasma so that steady- 
state solutions can be considered. 
The experimental results of this chapter dmonstrate the 
validity of the above assumptions. 
The case of an infinite plasma is considered first; the effect 
of multiple reflections in an unbound plasma is considered then. 
The electrons in the plasma are thus only affected by the 
electric field, E, of the TEM wave traversing the plasma [14]. 
From Newton's law of motion 
-~@-E£ =m.x (3-1) 
where 
m is the electronic mass, 
e is the electronic charge, and 


x is the displacement. 
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According to the above assumptions the Operator d/dt can be 
replaced by ju,, where W,is the radian frequency of the wave; 
wo, = 2 -Te. (3-2) 
Eq 3-1 can be written as 
m-(5-2,)>x =-@-E 
or 
x=eE /(m.w®) (33) 
The current density resulting from electron displacements is 
J=-m,-e@-x (3-4) 
where ne is the electron density. Replacing d/dt with jo Eq 3-4 
can be written as 
Je= ~ J: W, Ne -@+X (325) 
substituting x from Eq 3-3 into Eq 3-5 results in 
J=-}.0,: nee E/(m-a ) (3-6) 
Comparing Eq 3-6 with the Ohm's law, it is noticed that the 
conductivity is imaginary. Considering Maxwell's equations, an 
imaginary conductivity acts as a dielectric constant, and can be 
added to the dielectric constant of the free space when divided by 
ja; thus the overall dielectric constant is 
€=€, —- nye /(m-w,) (3-7) 
where E,is the dielectric constant of the free space. Consequently 
the refractive index will be 
HeLI- mg: /(m-6,- 0) 1)” (3-8) 
Inserting the numerical values of m, e, and &,in Eq 3-8 results in 


fea(t- 8.064x10'- ne /h*) (329) 
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where ne is the electron density in one and f,. is the frequency 
of the electromagnetic wave in Hz. 
If the second term in the brackets is smal] compared to unity, 
Eq 3-9 can be approximated to 
1 e | 
p= l- 4.032 x10 Ne /Ff, (3-10) 
The propagation constant of the wave 
k,=e- Ff, /e (3-11) 
where c is the speed of light in free space, will accordingly 
change to 
k= »-k, (3-12) 
Considering Eqs 3-10,11, and 12, it can be assumed that the 
change in ko, because of Ne» is similar to a change in fo by an 
amount 
Af = 4.032 x10" ne /fe (3-13) 
In the experimental setup of Fig 2-9, the wave is reflected 
many times back and forth by the chamber walls and the overal] 
attenuation, A, will be a function of the propagation constant, or 
f requency 
A=A(f.) (3-14) 
this function can be found by sweep frequency techniques. For the 
chamber in these experiments, A is measured for f, ranging from 9.5 
GHz to 10.1 GHz and is plotted in Fig 3-1. 
If f. is kept constant and n, is changed (due to uv- 
photoionization), Eq 3-13 suggests that the change in ne is similar 


to a change in fo, and consequently (Eq 3-14) to a change in A; 
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A=A(4.-A#) (3-15) 

This assumption is valid, if the attenuation is due primarily 
to the reflections in the chamber alone. To fulfill this condition, 
the isolators are inserted in Fig 2-9. 

Moreover, if the variation of is in the radial direction in 
the chamber is smooth - compared to the wavelength of the electro- 
magnetic wave - the average of n, in the radial direction, tp: can 
be considered, while using Eqs 3-13 to 15. 

To examine the validity of the above assumptions, the chamber 
(Fig 2-9) was filled with 11.9 Torr of air, and it was irradiated 
by the uv source. The attenuation was measured at various fre- 
quencies keeping all the other conditions unaltered. The experi- 
mental results are shown in Fig 3-2 and demonstrate the validity of 
this. procedure. 

It can be seen (Figs 3-1, and 2) that the best frequency to 
perform the experiments at, is 9.95 GHz, because A(f.) is quite 
linear at this frequency, and its slope is among the highest. 

To calculate the electron density from the detected signals, 
the slope of A(f.) should be measured at the operating frequency; 
for a fixed klystron output, A(f.) can be measured as the vertical 
deflection on the oscilloscope; for example, at 9.95 GHz the slope 
is 36 mV/100 MHz. 

Following this procedure the electron densities of He, No» 
and air were found as a result of uv photoionization. The results 


are shown in Figs 3-3, 4, and 5 respectively. 
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Fig 3-2 UV photoionization at 11.9 Torr of air: 


The attenuation vs. time is measured at various frequencies: 


The vertical scales are arbitrary. 
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Fig3-3 Photo-electron density vs. time in He. 


axis of horn antennas from uv source (Figs 2-2 &9): 5¢m, 


spark plug voltage: 30KV 
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Fig3-4 Photo-electron density vs. time in No. 


experimental conditions: same as in Fig3-3 
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Fig 3-5 Photo-electron density vs. time In air. 


experimental conditions: same as Fig 3-3 
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Conclusions 

The microwave attenuation diagnostic technique is a very 
simple method. The setup needs very few microwave components and 
can be easily assembled. 

There are of course, well known microwave diagnostic tech- 
niques, by which the phase and the attenuation of the transmitted 
wave can be separately measured. However, such setups are extremely 
elaborate and expensive. 

In the conventional microwave interferometer technique, to 
measure the phase (or attenuation) at each time, the bridge must be 
balanced by the variable phase shifters and attenuators (Fig 2-8). 
Thus, to measure the uv-generated electron density in a gas of a 
certain pressure, the experiment must be performed many times to 
obtain the electron density as a function of time. In the micro- 
wave attenuation technique described in this thesis only one such 
an experiment is sufficient. This technique, however, is only ap- 
plicable to those cases in which the electron collisions are neg- 
ligible. 

The main disadvantage of this technique is its sensitivity to 
noise. In the uv-photoionization experiments the main source of 
noise is the uv source itself. 

The noise generated by the uv source can be classified into 
two types: the r.f. noise and the 1.f. noise. The rtoor NOISE AS 
generated due to the switching of the pressurized spark gap and. 


that of the spark plug (Fig 2-7). In this setup, this noise decays 
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exponentially with a time constant of about 20 ts. The 1. f. [noise 
seems to be caused by the loading of the mains at the time when 
the switchings are performed. This noise is coupled via the mains 
and the ground connections to the klystron and the oscilloscope 
circuitry. 

Due to the 1.f. noise the biasings of the electronic circuitry 
are changed momentarily causing a shift in the klystron frequency 
and output. In this setup this noise lasts for about 3 KS. 

The microwave attenuation technique is very sensitive to both 
types of noise, so that it was impossible to find the electron 
densities for times less than 50 ts; t = 0 is the time when the uv 
source is ignited. 

The microwave interferometer, on the other hand, is not very 
sensitive to the r.f. noise and electron densities can be measured 
for times as early as 3 tis: 

Although shielding the uv source and connecting the grounds by 
low inductance copper strips to a common point supress the noise to 
some extent, they are not the ultimate solution to the problem. It 
may be helpful to connect the measuring electronic circuitry to a 
regulated supply. It is also advisable to surround the uv source 
by some microwave absorbing materials, which absorb efficiently in 
the frequency range of interest. 

An interesting extension of the work can be to design a chamber 
with a predetermined linear transmission in order to obtain the 


highest sensitivity in a wide frequency range. 


Bf 


‘as 


) 
t 


sein 2th att ek Qe yee Cyn mil 3 & phe VC ll RY 
wiity ante oto) seca set” Tome ae any yo hnewes oC OF oncing- 7 
1) bectionidar wl Sg teu TG RPI | cove .emmetrag Pome “Tw 


ery ei 
‘ ' at ee: wile aes a eihel Paras broay sett ri 
ATT ORT 
5 a 
} ry 
i¢eapeabe ofa Yen enn Tet ar epeon 6 Tet ee ee 50 ; 
igen) SPAR ew deteea? of Sucre Gretety s¥s. 
‘ : o 
1 
ey ot ayaa hiagtan. eds ebady 271.47 ‘tg oe Gis 
‘ up \Age HOTteuratia ¢ aster tan ont : 
“ohh Eye VOM ob itepeget den 9h rere rm, (Atom t¢ ale 
ee a =| + Facleg | 
— UCU 
sea 7TlapT a! te ea 
F Bilge) Wary 
yor SG 274,958 mi ue 1) byveeenirn a Ga J8 
1" Ww \ y ¥ > 
7} : e ed Val Pe Posto are ecg net? OF aidan 
in A. a : 1 


nM » Vixae oe anit? oD 
eben so. Avie ysl £o4rin Vin eone@e yu ony geri ctheina imu Oh - | 

ov wer gests ZAKS AGED « 2 nigh Ba waos ae 
‘esi line ot) ey pol duties Sranitiu aft cae ea wed ,808te> CTS 

a; of Gs avi ST qt een SM) Iserigg as. Hivgt al ot yee 

. sy ; : 

enee7 wu oi!) fine oar GI alias ivig onoie «et. pe whgaie to dageys = 


Oh gle elol ee debts Aphew, c he! eiae an hh rte ts sequent ph compe pl : 


@ 


powvernt Yo one qaneipey afls 
isduerts ¢ aphedh had n>. 01a af? 49 ert ion en gttesvesnt aA a 
7 
my qidlge o7 tae a) sia indict aan? i Rann a cenetg weit ie 9 — 
rie er 


28s “Coreiod)?® eb! e ei (earyt Seuneee An sean 


oy 


Aorta Gi iad 


CHAPTER FOUR 


The Analysis of the Data 


The electron density fluctuations, as measured by various 


diagnostic techniques, are the result of several interacting effects, 


namely the rate af uv photoionization,electron diffusion,positive 


ion diffusion, ambipolar diffusion (possibly in the steady state), 


attachment, and recombination. 


Considering all these effects simultaneously, the equations 


governing the temporal electron and positive jon densities will be 


U 


D 


e€ 


is th 


e 


is the 


is the 


is the 


is the 


is the 


is the 


is the 


source 


and D 


p 


dna /dt= De Vine -& Neh gna tU'N3 has 
dn, /dt = b,- Vin, -¢-ne-n, +U-N3 

electron density (a function of space and time), 
positive ion density, 

diffusion coefficient for the electrons, 
diffusion coefficient for the positive ions, 
recombination coefficient, 

attachment coefficient, 

rate at which uv light irradiates the qas, and 
electron (positive ion) density created by the uv 
due to photoionization; N is a function of space. 


are not constants and change with time until they 


reach the same value, the coefficient of ambipolar diffusion. How- 


ever, if attention is focused to the initial stage of uv photo- 


ionization, which is of prime importance in laser applications, De 
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and .s can be assumed to be constants. 


The current in the spark plug is 
-6:¢t 


P= Lome - sin (wt). (4-2) 
It is logical to assume that U is proportional to i 
=o 6% <e 
U=2-e -sin (@-t). (4-3) 


The coefficient 2 is arbitrarily chosen; U is a rate and any 
constant associated with it is incorporated in N, for simplicity. 
Eq 4-3 is in agreement with the fact that the variation in the 
optical intensity of the uv source ocurres at double the frequency 
of the current in the spark plug [1]. 

There is no analytic solution known to Fas 4-1. A numerical 
solution, however, can be devised; a power series expansion with 


respect to time of Peo Os and U can be written about t=0: 


@ v 
Ne = Z Nei -t , (4-4) 
co L 
= ee h- 
Np Zz nei <i (4-5) 


where Nei and a are the coefficients of expansion (functions of 
space). The series expansion of Eqs 4-4 and 5 can be performed, if 
there are no jumps in Ls a with respect to time, in which case 
they include the transient as well as the steady state solutions. 
This condition is satisfied since the forcing function U°N in Eqs 
4-1 is continuous; U starts from zero (Eq 4-3) at t=0, and changes 
continuously with time, so ne and Be also start from zero and will] 


be continuous. U can be expanded as 


© ‘ 
(ie 25 Us cot (4-6) 
i=O 
U; can be readily obtained from Eq 4-3: 
U. =U, =O ? 


U,= a: wo ? (4-7) 
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Substituting from Eqs 4-4, 5.and 6 into Eq 4-1 the following 


results are obtained 
fo) 


. ie 06 : a ® 1+! 
Zs ‘Nei t = Dez (Ving): t -« Zz z Nei Noy ,t - 
= i i=o 
pF ng tenet! (4-8) 
ae 1=0 1=0 

co t-l od) : © +l 

Zi nj t = D,& {vn hy ~~ a Zio le rey to 
ea ees (4-9) 


Equating terms with identical powers of t in Eq 4-8 yields the 
recursion formula 4 
! 
‘ e 
(i+!) Neier = De: Ving; - 4° (Me, “Mp,¢-k)-B Ney +N-U; (4-10) 
Similarly, from Eq 4-9 


; rd 
Cist)-ne ig, = Dp -Wing; -0- (Men ei) NU (4-11) 


There is no ionization prior to the jiqnition of the uv source 


son. and n should be zero at t=0;from Eqs 4-4 and 5 


Neo =IOes 
(4-12) 
Npg =O . 
For i=0 Eq 4-10 reduces to 
é > 
ne =De- Vn. - & Meg: Moo -P-Neo +N U, : (4-13) 


Inserting the numerical values of Neo? N30 and Uy from Eqs 4-7 and 


12 into Eq 4-13 it is found that 


Ae tO (4-14) 
Similarly 
ne0 (4-15) 
For i=l Eq 4-10 reduces to 


a ; 
n 2 =Da: Vng,- Rey: 25, +Ne, Moo )-f-Ne, + N U, 


Considering Eqs 4-7, 12, 14, and 15 
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a= 


n = 0 (4-16) 
Similarly 
a0 (4-17) 


Following this procedure it is found that 


3-n,,=2-w°.N : (4-18) 
Sars werce aN (4-19) 
Ane, Ea Vi og Fr,¢- 4 08 CON 3 (4-20) 
hi, HIDE pV w? a ON (4-21) 


e Byte a 
5 Nes = De Vr, -f Me, + (4-wo-2-0/3).N 5 (4-22) 
From Eq 4-18 it is evident that N63 is proportional to the 
initial electron density distribution due to uv photoionization; "03 
averaged inthe radial direction of the chamber can be found as a 
result of the microwave diagnostic techniques, and a reasonable 
spatial distribution can be quessed for M63" Therefore it is neces- 
sary to rearrange Eqs 4-18 to 22 in such a form that only partial 
derivatives of "3 appear in the equations. Thus for example, com- 
bining Eqs 4-18 and 20 
2 
Do Nino, 6-1, + Oecete, -Ateaal . (4-23) 
From Eq 4-23 
e core 2 } 
Ving, =(1/4)-[DeV (Wn,, )- (6+ 6 6) Vr, (4-24) 
Substitution of vn.3 from Eq 4-23 into Eq 4-24 results in 
2 2,2 
Vig, = (1/4) -L Dg Vo(Vne3) -( B+ 6-8): 
_ (6-n, + 6-d-n,.+4-Ne,)/De J (4-25) 


Substituting Eqs 4-18 and 25 into Eq 4-22 
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~24-d-N,-20-Ne5 =0 (4-26) 


jh 


This procedure is proceeded and the results are summarized 


below: 


haees 2G NISL 

De Vine, - (AP +B)=0 ; (4-27) 

De 9°(9*n,3) -(A- 6+ 2. Bei6 +:'Cove. of 5 

ens 
De" V(V (Wing) -(A-P+3-B-P43-0-6+D) <0 5 
2) 

DS TY a (The 3) ~(A:0"+4-B.6°46- 0-64 4.0.6+E) 

—'cO-A;0 =0 : 


where 
A=fMe3 5 
Be xeve Jing eaten ie 
oe (Ee ee): Next 4:(6-8)-Ne, + 20-5 3 
D= 8-(-19. S416 WN, + &.(12- 67+ 4.) Meh (4-28) 
+20-(6-0)-Ne +120'N, 3 
E =-960- 649. 620) ng, + 4x8-(-19-S tll: 6. w'). Ne, 
420.126 +40), .120-(6- 8), + 840 “Nos 3 
The results of electron density measurements provide e3’ "eh? 
., when expanded in power series; although it is not possible to 


perform measurements for t less than 3 fs, the first three equations 


of Eqs 4-27 act as aguideline for the power series expansion; Nei 
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can be found by equating ne to Ent! at M-2.o0ints. 

Having Ney 6, and w, the coefficients A, B, C,... can be found 
from Eq 4-28; it is then possible to solve the system of Eqs 4-27 
to find De» @> a and ae 60, appears in some equations following 
those shown in Eqs 4-27). 

The difficulty is, however, that the Laplacian of "33 and even 
its higher order partial derivatives appear in Eqs 4-27 and thus the 
initial electron distribution, N, should be known. N does, of course, 
depend on the chamber geometry, the geometry and the position of the 
uv source, and the pressure. 

It is possible to guess reasonable profiles for N and to find 
the other parameters correspondingly. The fact should also be 
considered, as was mentioned earlier, that the measured electron 
densities are averaged in the radial direction of the chamber by 
the plasma diagnostic device. 

To solve Eqs 4-27 for the unknowns let 

fog =2-w'N/g = F(r5k) (4-29) 
where a cylindrical chamber is considered with z along the axis and 
r in the radial direction; the origin is assumed to be at the wall 
end where the uv source is. f is considered to be a function of 
r and z only because of the azimuthal symmetry. f should be chosen 
so that it satisfies (and also its Laplacian and its higher order 
derivatives as appear in Eqs 4-27) the boundary conditions (i.e. 
they are zero at the chamber walls). 

Let 

% 2 fy 
K, =U ( iL vn, or )/J Ae oleae ; 
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K3 =[( iy VV Uy ne 3)-dr)/ ie Nes: Orle eee 5 
where ro is the radius of the chamber and z is the distance of 
the plasma diagnostic device from the uv source. The values are 
integrated in the r direction since with the mentioned diagnostic 
methods, only (fre dr) /r. can be measured. 

Substituting from Eqs 4-30 into Eqs 4-27 and manipulating it 
was found that: 

2 2. te 
p=-B/A +K, -[IB-A-C)M(K,-Ko2)) /A 3 (4-31) 
D.<(p+B/A)/K, . (4-32) 

An equation for « can be similarly obtained. Moreover, some 
equations can be obtained relating different K.'s to each other, 
for example 

Ky=-2:K +3: Ky Ke -[B* A= D -3B -(BEA-C)]- 
Thre (6 ACT (4-33) 
Eq 4-33 puts a restriction on the functions chosen for the initial 
electron distribution. 

Another parameter helpful in finding the unknowns is the pres- 
sure of the gas in the chamber, P; at low enough pressures, as is 
the case in these experiments, bs is inversely proportional to P, 
so let 

De = Peo /P ; (4-34) 
e is directly proportional to P; 


Daly e P (4-35) 
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Substituting from Eqs 4-34 and 35 into Eqs 4-27 it is found that 
2 
Deo Ki = 6 -P +(B/A)-P 3 
P A 3 2. 
Deo *K, =6.P+2-(B/A)-P+(C/A)-P 2 (4-36) 
The factors B/A, C/A,... can be found for different pressures, 


thus it is possible to find how Kis K depend on P; considering 


press 
Eqs 4-30 it is possible to determine accurately the initial electron 
distribution. 

Considering the order of magnitude of Da» p> and @ some 


simplifying assumptions can be made, as will be illustrated in the 


following examples. 


Experimental Verification 
Example | 

As a first example the data obtained by McKen [2] for CO are 
analyzed. The data are reproduced in Fig 4-1. 

The first step is to find Nez this is simply done by equating 

M 1 
n, to Z tei , or solving the matrix equation 
{Fp =f T1 iW} (4-37) 

where 

{F} is a column matrix containing the values of ne at times 


th» Caress tu-2° 


[T] is a square (M - 2) x (M- 2) matrix; its ;-llvewlcantalne 
5 h M-2 


- the elements ti, trast 


{w} is a column matrix containing Nez? Neyo Ney-2° 
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Fig 4-1 Photo-electron density vs. time in CO. 


cylindrical chamber : r,:15 em: L-28.5 em: Z_- 10cm 
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To find A, B,..., E of Eqs 4-28it is convenient to define 


| 
& 
Y= 5 2 
120 pel 
840 
and 
EgeO (ett oe. w*) 
ewe raters 
{\V} = (lerdun& wr) 
(4-39) 


6-6 


Considering the above definitions the following APL program 
is written to find A, B,..., E; the dyadic function CF takes F and 
t, as its arguments and calculates the desired quantities. In the 
program t; is represented by TI, a vector with the elements t}> 


t 


Vitltg Ch. ah 
[il Te Tie.wk 2+? M-2 
[2] W-FBT 
(31 We Wry 
[A] Ac itw 
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{ 6) Ce (34 Ww) t.xedV 
\T] p< (44w)4.xlvV 
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The results are shown in Table 4-1. 

Comparing the values of B/A to the order of maanitude of p> 
10°7 4s") 6 can be neglected and Eq 4-32 reduces to 

Deg “Ky, =(B/A)-P. (4-40) 

Similarly, the other equations in Eq 4-27 can be simplified. 
In other words, w and & are so small that the whole process is 
initially diffusion controlled. 

Fig 4-2 shows a plot of (B/A)*P vs. P. It can be seen that 
a parabolic function fits the points. There is a spread in the data 
points; the main cause of this spread is that the voltage applied 
to the spark plug is not quite constant, causing a spread in the 
ionization level. tn later experiments (example three below) an 
attempt was made to stabilize the voltage applied to the spark plug 
as much as possible, and much more satisfactory results were ob- 
tained. 


To find K,, many reasonable initial electron density profiles 


] ) 
were assumed. The results of computer calculations indicated that, 
for the use of Eq 4-1, the initial electron density can be assumed 


constant in the radial direction of the chamber; so 


ea Las Cy Res (dz )/Re, Bern Gaal 


in order for Ky to be of second order in P, N23 should be of 


the form 
a °P. 
ne37 f(z): oe : (4-42) 


It is amazing to notice that this is similar to the distribu- 


tion obtained by Babcock et al. [3] by completely different 


procedures. 
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Table 4-1 The results of computer calculations for 
the data of Fig 4-1. 


time: ps, 


length: cm 
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Fig4-2 Variation of (B/A)‘P with pressure. 


(for the data of Fig 4-1) 
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Fig 4-3 In{A) vs. pressure. 


for the data of Fig 4-1 
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From Eqs 4-41 and 42 
kK, =(y-P)* 2-0 F ZF (ZmII-(q-PIFLP Raf Zp dI (ye) 

The terms in the square brackets in Eq 4-43 are geometrical 
factors depending on the chamber geometry and the position of the 
uv source. From Eq 4-40 and the data of Fig 4-2, it is possible 
to find these geometrical factors and y> knowing see for CO. Once 
the geometrical factors are found, the chamber is calibrated and n 
and D es can be found for any other gas, provided Zz is kept fixed. 

Following this procedure, H was found to be 0.2585 aa. ances 
for CO; (yep)! is a measure of the penetration depth of the uv 
radiation in the gas at pressure P. 

The geometrical factors are 

f(z aVibUZ a) w OOM ecem os (4-44) 
S"(zm)/$(Zm) =T45 em”. (4-45) 

Another important result can be deduced from Table 4-1. A 
is the initial electron density at za multiplied by a constant 
(Eqs 4-27 and 28). It is interesting to see how A changes with 
pressure. 

It is noted that in McKen's [2] data the uv source is located 
in the chamber without a window separating the two. Thus as the 
pressure increases the intensity of the uv source increases (Refs 
[1] and [2]), but at the same time the penetration depth decreases 
(Eq 4-42). Fig 4-3 shows a plot of In(A) vs. P; this is a straight 
line indicating that the intensity of the uv source resulting in 
photoionization increases exponentially with the pressure in the 


pressure range in which the experiments are performed. 
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From the slope of In(A) vs. P, can be found to be 
722.625. Tor 
? depends both on the intensity of the uv source and the ionization 
level of the gas used. 
Example 2 
In the second example, another data set obtained by McKen [2] 
ig analyzed. The data are reproduced in Fig 4-4. 


Fig 4-5 shows a plot of (B/A):P vs. P; from Fig 4-5 and the 


procedure explained in Example 1 
2] =| 
Deo = 0.0388 Torr-cm' us 


n='.23 em™'. Torr”! 
In Fig 4-6 In(A) vs. P is plotted; it is found that 


=| 
Violenae he lor 


Example 3 

The data of example three (Fig 4-7) are obtained by the ex- 
perimental setup explained in Chapter Two. The plasma diagnostic 
device is the microwave interferometer (Fig 2-8). 

In Figs 4-8 and 9 (B/A)+P and In(A) are plotted vs. P. The 


diffusion coefficient for No is available so that the chamber can be 


calibrated; the following results are obtained. 
F(z) / f(Zm) =4-45 cm 
f"(Zm)/F (2m) = 84.7 one 
9 =0.594 cm Torr 
-| 
Y-2.99 Torr 
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Fig 4-4 Photo-electron density vs. time in Tri-n-propy! 


Amine. 


CO, No: He= 1:1:3 passed through bubble chamber containing Tri-N-Propy! Amine 


chamber geometry: same as Fig 4-1 
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Fig 4-5 (B/A)-P vs. pressure. 


for the data of Fig4-4 
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pressure for the data of Fig 4-4. 
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Fig4-7  Photo-electron density vs. time in Np. 


experimental conditions: same as in Fig3-3 
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Fig 4-8 (B/A)-P vs. pressure. 


for the data of Fig 4-7 
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Fig4-9 InA 
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vs. pressure for the data of Fig 4-7 
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Conclusions 

In the above examples it is noticed that the electron diffusion 
plays an important role in the uv-preionized lasers. I{n contrast 
to the conclusions reached by others, it seems that the delay between 
the uv source and the main discharge is mainly due to the fact that 
a delay is needed for the photo-electrons to be distributed evenly 
between the discharge electrodes; the delay, of course, depends on 
the laser geometry and the location of the uv source. 

The theoretical method, however, is quite general and can 
handle even those complicated cases in which attachment and re- 
combination also play an important role. 

The most difficult task in the numerical technique, is the 
determination of the initial electron density distribution, to- 
gether with its Laplacian and higher order partial derivatives 
appearing in Eq 4-30. To simplify this task and to improve the 
accuracy of the results, the geometry of the chamber can be changed: 
the chamber can be a rectangular parallelepiped, since, in that 
geometry, the Laplacian and the other derivatives will acquire simpler 
forms. In additions, many spark plugs all ignited simultaneously, 
can be evenly located in one face of the chamber - as in actual 
laser designs - to make the electron density vary only in one di- 
This simplifies the differentiations of Eqs 4-30 even 


rection. 


more. Moreover, if the plasma diagnostic device is aligned in the 
direction in which the electron density is uniform, then the electron 


density measurements become more accurate; the electron density, and 
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not its average in a direction, is measured and the integrations in 
Eqs 4-30 can be omitted. 

In this way, the average electron density will also be in- 
creased, making the use of laser diagnostic techniques possible; 
laser diagnostic techniques are much more suitable for these measure- 
ments, due to their smal! wavelength compared to the microwaves; 
the laser light can be focused on much smaller cross-sectional areas, 
resulting in much more accurate electron density measurements. 

Finally, the r.f. noise generated by the uv source will not 
affect the laser output, making the measurements possible soon 


after the ignition of the uv source. 
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